The rates of dehydrogenation in competition experiments using mixtures of two naphthenes, or a naphthene and a cyclic mono-olefine or two cyclic mono-olefines, have been examined theoretically and experimentally for the stationary state conditions. Provided the two reactants can occupy the same sites on the catalyst surface, then the ratio of the rates should be directly proportional to the ratio of the partial pressures at any instant. Theory suggests that a constant which can be derived from these competition experiments should be independent of the overall pressures, or of the initial ratio of concentrations or of the overall extent of dehydrogenation. Further, the ratio of the rates in competition should bear no simple relationship to the ratio of the individual rates alone, but should be related to the slopes of the 1/rate against 1/pressure plot for the two components considered separately. Moreover, the constant should be a ratio of two functions each of which is characteristic of one of the naphthenes. T he theoretical conclusions have been confirmed experimefttally which proves either that the groups of active sites on the catalyst surface are widely separated or that any set of sites is available for the reaction of any molecular species, and no interference takes place between naphthene molecules adsorbed oh adjacent sites. Proof that a naphthene and cyclohexene are dehydrogenated on the same sites is supplied by the observation that a constant is obtained when different mixtures of cyclohexene and trans-1:4-dimethyl cyclohexane are allowed to compete for the surface.
In part I the kinetics of. the dehydrogenation of a single naphthene have been dis cussed. The equations are complicated, which leads to difficulties in the identification of rate constants for isolated steps in the reaction sequence. In this paper the relative rates of reaction when two compounds are allowed to compete for the surface are examined.
Competition experiments do not appear to have been used often in the study of heterogeneous catalysis for the elucidation of reaction mechanisms. Under favour able conditions such experiments are capable of high accuracy because there is automatic compensation for changes in catalytic activity. I t should be emphasized th at equality between the ratio of the rates in competition and the single rates will be the exception rather than the rule. In general, the rates in competition will be [ 309 ] controlled by the first irreversible step and the adsorption coefficients leading up to this step. The appropriate equations for the present experiments are developed in appendix 1 (p. 325). These equations are simpler than the overall rate expressions (see part I) and are more readily amenable to interpretation in terms of the rates of individual steps. In this paper the theoretical equations are first examined experimentally by studying the variation of relative rates with the total pressure, partial pressure and con version. In addition, it is shown th at the ratios so obtained are true ratios, and by comparison of the competition rates with the slopes of the 1 /rate against 1 /pressure plot (see part I) an independent proof is given th a t benzene and hydrogen behave mainly as diluents. Following the establishment of the applicability of the theo retical expressions the competition rates are used to examine the evaporation of the molecules from the surface and to establish the mechanism of the first reaction step.
E x p e r im e n t a l
The technique was as previously described (part I), and the samples of various hydrocarbons were as given there, except for the following additions:
1-methyl cyclohexene 1 and 1 : 2-dimethyl cyclohexene were kindly supplied by Dr H. Farmer. The physical properties of the specimens were as follows:
1 -methyl-1 -cyclohexene:
y f = 1-4546; ( F -C1 04 = 103. 1 :2-dimethyl cyclohexene:
y f =1-4596; ( F -C ) x IQ4 = 100. 1:2 :.3-and 1 :2 :4 -trimethylcyclohexane These naphthenes were prepared by the hydrogenation at 200° C by means of an N i-Th02-Kieselguhr catalyst of the corresponding aromatic compounds. The products had the following properties:
Hemimellitene and pseudo-cumene
1 : 2 : 3-trimethyl cyclohexane: = 1-4379; (F -104 -81 ; the hemi mellitene content as determined by ultra-violet spectra was 2-1 % by volume.
1:2 : 4-trimethyl cyclohexane: = 1-4313; (F -104 = 81; the pseudo cumene content was 1-9 % by volume.
Theoretically each of these compounds can exist in three isomeric forms, but recent compilations of the properties of hydrocarbons (e.g. Doss 1943; W ard 1938) only record cis and trans isomers. Therefore it is not possible to decide which isomer was formed in the hydrogenation a t 200° C, but presumably the thermodynamically stable equilibrium mixture was produced, since equilibrium is reached among the stereoisomers from o-, m-or p-xylene under these conditions. Dr G. B. B. M. Sutherland kindly supplied a sample of cts-1: 3-dimethyl cyclo hexane = 1*4311) which the infra-red spectra showed was free from the trans isomer.
Comparison of experimental results with the mathematical equations
The applicability of equation (8) (p. 326) was tested in the following manner. I f the conversions are small, then the left-hand side of this equation (8) can be written as a°/a6, where a = fraction converted.
(а) That the relative rates on competition are independent of the total pressure was demonstrated by passing equimolecular mixtures of methyl cyclohexane and cyclohexane over the catalyst a t 450° C a t 0*10, 0*19, 0*37 and 0*54 atm. total hydro carbon pressure. The conversions were between 6 and 10 %. The ultra-violet spectra of the 0*10, 0*19 and 0*54 atm. samples suitably diluted were each compared with th a t of the 0*37 atm. sample, and the aromatic compounds were found to be in the same ratio.
(б) That the conversions are directly proportional to the partial pressures is shown by the values in table 1. Thus over a nine-fold change in the ratio of the partial pressures the constant is independent of this ratio.
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T a b l e 1. D e h y d r o g e n a t io n o f m ix t u r e s o f m e t h y l c y c l o h e x a n e a n d (c) That the competition rates are independent of the amount of conversion (provided a > 0*05) was demonstrated by using equation (8) in conjunction with equations (14) to (16). In table 2 are set out some representative examples showing th a t the left-hand side of equation (8) for a four-fold change in the factor of con version is a constant. (d )That equation (9) is obeyed experimentally is shown by the values a t 500° C for methyl cyclohexane in competition with cyclohexane (T43), and 1:4-dimethyl cyclohexane in competition with cyclohexane (1-37), while the observed values for 1 :4-dimethyl cyclohexane in competition with methyl cyclohexane is 1*00, compared with T04 calculated from the first two values.
CYCLOHEXANE
The observation th at equations (7) to (9) inclusive are obeyed experimentally implies that different naphthenes compete for the same catalytic centres, and there is no interference between molecules of hydrocarbons adsorbed on neighbouring sites. This is in agreement with the sites being widely separated as had previously been concluded from different considerations (Herington & Rideal 1945) .
Competition experiments and the slopes of the 1 JRagainst 1 fpxplots
The value of the left-hand side of equation (8) was found to be 1*60 with a standard deviation of 0*03 for methyl cyclohexane in competition with cyclohexane a t 450° C. The reciprocals of the ratios of the slopes of the 1 against 1 fpx plots has already been reported as 1*59, p .e . of 0*21 (see table 3, part I). These are equal within the experimental error, whence from equation (22), part I, and equation (8), appendix 1, part II, it follows that k^p jk^ and are b evidence supporting this conclusion, see part I, appendix 1.)
Comparison of competition experiments between olefines and naphthenes and the stationary olefine concentration set up in the dehydrogenation of a single naphthene
Equation (13) permits the importance of the evaporation of the mono-olefine to the gas phase to be assessed. In order to obtain experimentally the data for the left-hand side of this equation, it is necessary to compare the rate of dehydro genation of cyclohexane in competition with cyclohexene. Experimentally it is difficult to measure the small amounts of benzene produced from cyclohexane in the presence of the much larger amount from cyclohexene, so th at the ratio has to be determined indirectly by means of the equation analogous to equation (9) using a different naphthene as intermediary. A suitable reference naphthene proved to be 1 : 4-dimethyl cyclohexane because p-xylene absorbs strongly in the ultra-violet.
In table 3 are shown the ratios for cyclohexene in competition with 1:4-dimethyl cyclohexane. The constants a t both temperatures do not vary significantly with the ratios of the partial pressure, proving th at cyclohexene arid the naphthene compete for the same catalyst centres. This is compatible with a reaction scheme such as is illustrated in figure 8 , part I. (13) (appendix 1, this paper); 0-71, 0-07 a t 400° C and 0*85, cr -0-06 a t 450° C. These values for equation (13 mately equal to unity although statistically significantly less than unity. This proves th a t mogt, but not all, of the hydrocarbon molecules are desorbed after the loss of the first pair of hydrogen atoms. The increase in the value of the left-hand side of equation (13) as the temperature rises is barely statistically significant, but if real implies th at a larger fraction of the molecules evaporates between the steps a t the higher temperature. These conclusions are in agreement with the measurement of styrene concentration in the product from ethyl cyclohexane (see p. 305, part I).
The catalytic dehydrogenation of naphthenes. I I
At 450° C and a pressure of 0-24 atm. the ratio of the rates for cyclohexene to cyclohexane when allowed to dehydrogenate alone is 10. The ratio in competition is 47*5, illustrating experimentally the great difference between the relative in dividual rates and the competition rates (see appendix 1, p. 326), and also providing independent proof th at cyclohexene and cyclohexane compete for the same catalvst sites during dehydrogenation.
Difference in activation energy between cyclohexane and cyclohexene
If k2 is the slowest step with &4 (see figure 4, part I) as the next slowest, then it follows from equation (12), appendix 1, th at the apparent activation energy of l°g10 (1 -a cyclohexene)/log10(l -a cyclohexane) will be equal to the difference in activation energy between cyclohexene and cyclohexane. Calculations using the values quoted in the previous section give a difference of 6*9 kcal./g.mol. with p .e . == 1*4 kcal./g.mol. This value is equal within experimental error to th at derived from the variation of V \ \ V twith temperature (10*1 kcal., p .e . = 0*83; see part I). Combining these values into a grand mean gives 9-3 kcal., p .e . = 0*7 kcal./g.mol.
Apparent activation energies of the competition ratios
Equation (8) indicates th a t the variation of log10 (1 -a a)/log10 (1 -a 6) with temperature should yield information on the activation energies of some of the elementary steps in the dehydrogenation mechanism. These ratios have been deter mined for a number of compounds at 400 and 450° C. In order to reduce the experi mental error to a minimum most determinations have been carried out nine times and the mean taken. In table 4 are set out the observed values for the left-hand side of equation (8), while in table 5 are shown the values for the apparent activation energies and for the logarithms of the A factors. Cyclohexane was one of the com ponents in competition with the various naphthenes, while the cyclic mono-olefines competed with cyclohexene for the surface. This table shows that all the substituted cyclohexanes dehydrogenate more rapidly in competition than cyclohexane itself, and also the two substituted cyclo hexenes dehydrogenate more rapidly than cyclohexene. The activation energies in table 5 indicate th at the function k 1k j k le has a lo substituted cyclohexanes than for cyclohexane. 
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Interpretation of the activation energy differences
In appendix 1 (p. 326) an argument has been presented for the mechanism of the dehydrogenating of naphthenes which identifies these differences in activation energy with changes in the activation energy of k2 rather t interpretation of the -A Ev alues in terms of k2, the following additio supporting this identification must be mentioned. The observed s may be as great as 10 kcal./g.mol., which is a reasonable variation in the activation energies of k2, which are themselves big, but would be a very large percentage of the maximum probable values of AH, where AH -AE1 -AEle and Ex and Ele are the activation energies for physical adsorption and desorption respectively. The C-H bond in methyl cyclohexane is known to be weaker than in cyclohexane (see p. 320), hence the observation th a t the apparent activation energy of kxk2jkle for methyl cyclo hexane is less than for cyclohexane is reasonable if therefer to k2. Similarly, the observation th a t the activation energies of this function {kxk2jkle) are less for all nine substituted cyclohexanes than for cyclohexane is readily understandable if this function is affected in its temperature dependence mainly through the k2 coefficient. If the apparent activation energies were mainly dependent on the term kx/ku rather than k2, it would be expected th a t thevalues would be different for trans-1: 2 -, trans-1:3-, and c i s -1: 3-dimethyl c error these are all the same, which supports the identification ofwith k2. Further, the double bond in cyclohexene will have a greater van der W aals' field than the -CH2-CH2-or methyl groups; thus the introduction of methyl groups, as in the case of the two-substituted cyclohexenes, will tend to block the approach of the -CH = CH-group to the surface and thus should decrease the adsorption of these compounds compared with cyclohexene. Hence, if the observed -A E values were governed by the physical adsorption, then it would be expected th a t the methyl and 1 :2 -dimethyl cyclohexenes would exhibit an apparently larger activation energy than cyclohexene (i.e. for these compoundswould be negative). The converse is experimentally true, which is understandable if the -A E values arise mainly from differences in the activation energies of &4 for these hydrocarbons. As a result of these considerations the values o iA E are assigned mainly to changes in the activation energy of the k2 coefficient term (or the &4 mono-olefines). In the introduction to part I, two possible mechanisms for the step k2 are discussed, which may be represented as in figure 1 and b. According to the monoradical mechanism a hydrogen atom is lost, which is then followed by tlfe elimination of another hydrogen atom. The first of these steps will have the higher activation energy by analogy with the formation of ethylene from ethane, e.g. C2H 6->C2H5 + H -96kcal., C2H 5 -> C2H 4 + H -40kcal. (see Baughan, Evans & Polanyi 1941) . In the biradical mechanism a hydrogen molecule is lost. Consider the formation of the transition complex in the step k2. Figure 2 a shows an energy plot for two naphthenes of which the upper curve repre sents cyclohexane and the lower one a substituted cyclohexane in which the radical is more stable than th at from cyclohexane because of resonance. In this figure the carbon-hydrogen bond length F igure 2 a carbon-hydrogen bond length ordinates represent energy and the abscissae either the single C-H bond distance (if the monoradical mechanism is applicable) or the C-H bond distance of two adjacent C-C bonds which are being stretched equally (biradical mechanism).
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A represents the energy of a physically adsorbed naphthene bond (or bonds) in the state corresponding to a physically adsorbed molecule (fraction dx figure 4, p art I). The bond or bonds are stretched until they reach for which the energy required is GB for cyclohexane and GD for the naphthene. At or the bond passes over from the transition complex T (figure 1 a or 6) to form S. The observed difference in activation energy is represented in this diagram by BD. Figure 2 b shows a simpli fication of figure 2 a (see the justification for this treatm ent in appendix
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Resonance structures for cyclohexyl radicals
Before discussing the observed activation energy differences in greater detail, one may examine the'concept of resonance energy in hydrocarbon radicals. Branch & Calvin (1941) have advanced a very successful treatm ent of oxidationreduction potentials of the condensed ring quinones by assuming th a t a fixed amount of resonance energy is associated with each resonating structure. This enables them to estimate the resonance energy by the enumeration of the possible structures. This assumption will be applied to radicals derived from saturated hydrocarbons. The type of resonating structure to be considered was first introduced by Wheland (1934) and subsequently developed by Baughan et al. (1941) and by Butler & Polanyi (1943) , These structures for ethyl radicals may be depicted in classical form as in figure 3a , where there is a total of four which will be considered as equivalent. The structures for tertiary butyl are shown in figure 36. There will be nine of the second type and one of the first, making a total of 10. The possible structures for w-butyl radicals are shown in figure 3 c (see Butler & Polanyi 1943) . If all these structures be considered equal, then the resonating energy of w-butyl and w-propyl would, according to the above assumption, be as 7 :4 and the w-butyl radical should have the same resonance energy as the isopropyl radical. This would be contrary to experience and so two alternative courses are available if the assumption made above is to be retained, either (a) the structure can be considered as contributing less than a, /? or y, or (6) the structure 8 can be considered as not contributing a t all; any differences between w-butyl and %-propyl arising from structure /? which may contribute more in w-butyl than w-propyl because of the different exchange integrals. In the present treatment (6) will be adopted and any differences in exchange integral for structures such as /? in w-propyl and w-butyl will be neglected. The following rule will be used: 'Only those structures are counted in which the C atom with which the H ' atom is associated is not completely separated from the original position of the radical by a broken link. ' Thus a, /? or y (figure 3 c) are included but not 8, and hence it follows th a t the maximum number of structures for a straight chain alkyl radical is four. For radicals derived from paraffinic hydrocarbons the calculated resonance energy per resonating structure can be derived from the results of Baughan et al. quoted by Butler & Polanyi (1943) which are set out in table 6. Hence a round value of 2-0 kcal. (g.mol.) per resonating structure will be adopted for this series. Applying these conceptions and the above rule to cyclohexane gives the structures shown in figure 4 a.There are four resonating structures of type /? because t two hydrogen atoms to choose from in the structure shown, and another pair of structures with the double bond on the right-hand side instead of the left-hand side of the ring. Structured such as 8 in this diagram are permissible according to the above rule because the carbon centre with which the H ' atom is associated is still connected with the original position of the radical by an unbroken C-C chain in an anti-clockwise direction. In w-hexane the corresponding structure shown in figure 46 is not permissible by the rule already enunciated. I t follows th at the rule leads to nineteen structures for cyclohexane, but only four for w-hexane, and thus implies more resonance in the cyclic radicals than in non-cyclic radicals. The possible resonating structures of all the polymethyl substituted cyclohexanes can be referred to those of methyl cyclohexane. There are four possible radicals which can be derived from methyl cyclohexane with the radical in the ring. The resonating structures which arise from these and are additional to those for cyclohexane are shown in figure 5. These configurations lead to the rule th at in a polymethyl substituted cyclohexane those radicals which are in the one position to a methyl group have three additional structures, while if the group is in the three position (meta) six additional structures must be added. The number of structures is algebraically additive. Thus if the radical is meta to two methyl groups, then twelve additional resonating structures are possible. In figure 6 are set out all the radicals which can be derived from cyclohexane, methyl, ethyl and the three dimethyl and the three trimethyl cyclohexanes together with the total number of resonating structures. The radicals in which the hydrogen atom is removed from the side chains are not shown.
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This treatm ent of the resonance of alkyl and cyclohexyl radicals explains many of the recorded properties of derived compounds. Ingold, Raisin & Wilson (1936) have shown th at hydrocarbons exchange with deuterated sulphuric acid. I t is reasonable to assume th at the transition complex is formed by first stretching the C-H links. Inspection of figure 6 indicates th at three of the radicals derived from methyl cyclohexane have a larger number of resonating structures than cyclo hexane itself (the two radicals no. 4 and one no. 2), and further th at radical no. 4 has the largest number. Hence the C-H bond in the three position to the methyl group should be weaker than the C-H bond of the methine group. This interprets the previously unexplained experimental observation of Ingold et al. (1936) who found th a t not only did methyl cyclohexane exchange more rapidly than cyclo hexane, but th a t the H atoms of CH2 groups in the substituted cyclohexane ex changed more rapidly than in cyclohexane.
The catalytic dehydrogenation of naphthenes. The dimethyl cyclohexanes exist in cis and trans forms. Figure 6 shows th a t the weakest C-H link of the ^C H -CH3 group should be in 1 :3 -dimethyl cyclohexane (radical no. 13, number of structures 28), then in 1 :2-dimethyl cyclohexane (radical no. 10, number of structures 22), and finally strongest in the 1 : 4-dimethyl cycloVol. i go. A.
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hexane (radical no. 17, number of structures 19). Hence, of the forms of these three isomers, the first (1:3) compound should undergo ^ trans conversion most readily, which agrees with experience (see Farkas 1939) .
The mechanism of dehydrogenation, and the resonance energy per resonance structure for radicals derived from naphthenes
Returning to the consideration of figure 2 6 it is seen th at by similar triangles
Equating B'D ' to the number of resonating structures (n) times a constant (i.e. n x C, see the preceding section for the evaluation of n and discussion) yields
where A 'is a constant. Many different radicals are derivable from substituted cyclo hexanes; however, here it will be assumed th a t the radicals which are actually formed during dehydrogenation are those in the formation of which the weakest C-H bonds are broken. For the biradical mechanism it will be assumed th at the number of resonating structures is the sum of the number of structures of the two monoradicals which when compounded give the biradical.
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n (number of resonating structures n (number of resonating structures in excess of cyclohexane) in excess of cyclohexane) a b Figure 7 . a, monoradical mechanism; biradical mechanism. Radius of circles represents probable error.
In figure 7 are plotted the experimental values of -against n for (a) the monoradical mechanism, ( b) the biradical mechanism. Inspection shows anism is undoubtedly biradical since equation (2) is more nearly obeyed for this process. Equation (2) permits of the determination of the relative probabilities of the mechanism being mono-or biradical. The argument is as follows. From equation (2) it can be seen th at -A E /n should be a constant (-4'), and in table 7 are set out the values of this function together with the experimental errors according to the two different mechanisms. I t is now necessary to find the probability th at the two sets o f£ constants ' ( -will arise from experiment. Applying the criterion of consistency proposed by Birge (1932) (see also Worthing & Geffner 1943) to these results, it is found th a t the former will occur by chance only 1 in 1012 times, while the latter will occur 1 in 12 times. This supports the biradical mechanism. Combining the intermediate means of -A E /n for the biradical mechanism (table 7) into a grand mean gives A E -------= 0-44, p .e . = 0-01. n
To obtain 6' (equation (2)) it is necessary to evaluate . Now BG is the activation energy of the step k2 which has been determined from experiment as 36 kcal./g.mol. (part I). B'G' is the energy of formation of the biradical from cyclo hexane which will be assumed as equal to the energy of formation of the same radical in the vapour phase. The strength of C-H link in methane is 102 kcal./g.mol., while th a t in cyclohexane will be 18(7 kcal./g.mol. less (see preceding section). Since two C-H links are broken B'G ' = 2(102-18(7). Substituting these values in equation (2) 
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The chief experimental uncertainty in this value arises from the overall activation energy. The proposed mechanism is strongly supported by the agreement of this value of C with th at for alkyl radicals (C = 2*22, = 0*21; see table 6 ).
The apparent values of log10 A in the expression Ae~AElRT shown in table 5 vary approximately linearly with -AE. Such a relationship has frequently been reported, but as the present A values are complex the correlation will not here be further discussed.
Identification of mono-olefine formed from methyl cyclohexane
According to the theoretical treatm ent already developed in this paper, the weakest C-H link in methyl cyclohexane is the bond meta (three positions) to the methyl group, so th at the olefine formed from methyl cyclohexane should be either 1-methyl-2:3 -cyclohexene or 1-methyl-3: 4-cyclohexene or both of these com pounds. That the olefine produced is one or both of these olefines is shown by com paring the activation energies for the dehydrogenation of 1-methyl-1 :2-cyclohexene with the activation energy for the dehydrogenation of the olefine actually produced during the dehydrogenation of methyl cyclohexane.
The computation of the activation energy differences all referred to cyclohexane are shown in table 8. These differences in activation energy are statistically highly significant (e.g. hx~6 , see Birge 1932), thus proving th a t the mono-olefine formed from methyl cyclohexane is not 1-methyl-1-cyclohexene and hence must consist of one or both of the other isomers as the theory predicts. The treatm ent (parts I and II) reveals the extreme complexity of the system. However, in spite of such experimental difficulties as changing catalyst activity and the problem of the surface concentration of reaction on the active catalyst surface, yet the main mechanism has been established. The dehydrogenation of naphthenes proceeds in a stepwise manner with hydrogen molecules being succes sively eliminated. The transition complex corresponds to a free biradical. After the loss of the first hydrogen molecule a considerable fraction of the hydrocarbon molecules are desorbed and readsorbed before the next chemical step takes place. The loss of the first molecule of hydrogen is the slow step in the reaction sequence and is also the step with the highest activation energy. Large variations in the energies of C-H bonds in naphthenes have been detected, which have been shown to arise from resonance in the radicals in the same way as the C-H bond energies in alkyl radicals are modified by the carbon structure. Quantitatively, there is agree ment between the amount of resonance in these two classes of compounds as both can be well represented by a value of 2 kcal./g.mol./resonating structure.
The authors wish to thank Professor R. G. W. Norrish, F.R.S., for facilities in the use of the ultra-violet spectrometer. The work described in these papers (parts I and II) Competition experiments between naphthenes will be considered in terms of the reaction mechanism shown in figure 4, part I. Let two naphthenes A and B compete for the catalyst surface. Using the same nomenclature as in figure 4, part I, and indicating the different constants for A and B by the superscripts (a) and ( ), then, a t the stationary state,
The ratio of the relative rates R a and B h is given by R a k % 6< t k \ k % Rb~ k\6b~ k% e + k% ( 1 { '
If (1 -Z a6) = (1 -Z b6), i.e. if a vacant space for one species is the same as a vacant space on the catalyst surface for the other species, then equation (6) simplifies to
This equation shows th at the ratio of the rates of dehydrogenation in com petition at any instant should be directly proportional to the ratio of the partial pressures and independent of the total pressure. In order to study finite conversions equation (7) must be integrated when it yields equation (8): to g io U -a ") =
ku + ]4 (s) io g io G -a 6) k where oca and ab are the fractions of naphthene A and B converted. This equation shows th at the expression on the left-hand side should be a constant at any one temperature and independent of (a) the overall pressure, (6) the initial composition, (c) the amount of conversion, provided (1 = (1-More over, the right-hand side consists of the ratio of two similar functions, each of which depends only upon one of the naphthenes, whence it follows th at the ratios on the left-hand side of equation (8) should be true ratios and in particular they should obey equation (9): logloG -a") logic ( 1 -4 ) = k l e + k 2 . /9\
logi0 ( l -a 6)lo g 10( l -a £ )
Comparison of equation (8) with equation (22), part I, indicates th at when k3ePblk 3 and {ki<zlki%)Vi are small compared with unity, then the ratio of the slopes of the 1/B against l/p 1 plots should be equal to the reciprocal of the ratio of l°gio (1 -a a) to log10 (1 -a 6). Here it should be strongly emphasized that if two reactants compete for the same surface, then no simple relationship exists between the ratios of the rate singly and those in competition. If the reactants occupy com pletely different centres, then the ratio of the rates in competition will be equal to the ratio of the single rates at similar pressures.
The derivation of equation (8) is rigid subject to the conditions stated. In reality k2 kle because k2 is the velocity of a chemical reaction (which is t the sequence; see part I), while kle which refers to desorption of a physically held molecule will be very great a t temperatures of 400 to 500° C. Hence equation (8) Now in equation (10), k 2 refers to the velocity of loss of two hyd k x and ku refer to physical adsorption and desorption respectively. The activation energy associated with the k2 's will be much greater than t so that variations in the apparent activation energy of log10 (1 -a a)/log10 (1 -a 6) for different compounds will be ascribed to variations in the activation energy of k2. Further evidence for this identification is discussed on p. 315.
The competition ratios between two cyclic monolefines and between a naphthene and cyclic monolefine are also of interest. Solution of the appropriate stationary state equations assuming (1--Z a0) = (1 -E b6)yields equation ( where B a and B b have the value of B in equation (24), part I. In equations (11) and (12) it will be the terms k2 and which will control the apparent activation energy, with k\<^k\e.
Division of equation (12) by equation (23), part I yields equation (13):
V 2l ogio (1 ~ a oleflne) = A :7(^4 + ^6) + M^5 + ^7) /1 Pi logio (1 -a naphthene) &7(&4 + k6) + kXQ {kb where in this case equation (12) refers to competition between a naphthene and its mono-olefine. If khkx is small, i.e. if all the cyclohexene on the catalyst in con figuration 62 (figure 4, part I) passes to the next stage 0Z through the gas phase, then equation (13) will be equal to unity. The larger the step kh compared with the other steps, then the smaller will be the numerical value of (13) (see p. 312 for experi mental results and discussion).
The volume fractions of aromatic in the product were determined by means of the ultra-violet spectra. The fractions < xa and a 6 of naphthene converted were calculated by means of the following equations: 
where initially the mixtures consisted of a mol. of A of density Da and molecular weight Ma\ax mol. of product from A of density da and mol. weight ma; b mol. of B of density Db and mol. weight Mb\ bx nlol. of product from B of density db and mol. weight mb\ and finally there was X a vol. fraction of A product, X b vol. fraction of B product. (17) will be obeyed provided the value of a is the same for the two compounds.
The force constant in terms of the Morse function is force constant = 2Da2.
In table 9 are set out the experimentally determined values for the force constants obtained from the infra-red spectra of paraffins (Fox & Martin 1940) , together with the energies of the bond ( D ) calculated from the number of re assuming the resonance energy per resonating structure is 2 kcal./g.mol., and taking a value of 102 kcal./g.mol. for the C-H bond in methane (see pp. 317 to 322).
